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We propose a scheme that can generate a microwave-controlled optical double optomechanical induced
transparency (OMIT) in a hybrid piezo-optomechanical cavity system in which a piezoelectric optomechanical
crystal AIN-nanobeam resonator is placed in a superconducting coplanar microwave cavity. We show that when
an intense microwave field is applied to the superconducting microwave cavity, with a strong pump optical field
and a weak probe optical field applied to the optomechanical crystal cavity through the optical waveguide, a
double transmission window can be obtained in the weak output probe field. This phenomenon arises because
an N-type four-level system can be formed in our scheme, because under the effects of the radiation pressure
and the piezoelectric interaction, the quantum interference between different energy-level pathways induces the
occurrence of the double-OMIT. Our scheme can be applied in the fields of optical switches, high-resolution
spectroscopy, coherent population trapping, and quantum information processing in solid-state quantum systems.
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I. INTRODUCTION

Mutual interaction between the optical field and the mi-
crowave field is an active research area, that has been studied
theoretically and experimentally in many fields, such as for
coherent signal transfer [1-3], bidirectional conversion [4—6],
and coherent coupling [7-10]. Those phenomena have been
realized in many systems, a representative example of which
is the optomechanical system. A traditional optomechanical
system comprises mechanical resonators and optical or mi-
crowave field cavities [11]. With the advantage of integration,
the traditional optomechanical system has been extended to
various hybrid solid-state quantum systems, including inte-
gration with optical lattice crystals [9], piezoelectric materials
[12], superconducting microwave cavities [13], and supercon-
ducting quantum circuits [14].

Since the electromagnetically induced transparency (EIT)
phenomenon was observed in three-level atomic systems
[15,16], many novel EIT-related effects have also been studied
theoretically and experimentally in multiple-level systems,
such as the two-photon absorption phenomenon [17-23]. Two-
photon absorption was first proposed theoretically by Harris
and Yamamoto [18] and observed by Yan et al. [19] in the Rb
atomic system; this effect arises from quantum interference
occurring in the four-level energy structure formed by the
atomic systems. One important application of two-photon
absorption is to realize the double-EIT phenomenon, which can
be used in the fields of high-speed optical switches [24], high-
resolution spectroscopy [25], cross-phase modulation [26], and
quantum information processing [27].
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In addition to EIT in natural atomic systems, optome-
chanical induced transparency (OMIT), which is an EIT-like
phenomenon, has also been studied in various optomechanical
systems [9,14,28-36], such as the optomechanical crystal
nanobeam cavity system [29]. An optomechanical crystal
nanobeam cavity system is formed based on a freestanding
beam structure in which an array of periodic elliptical air holes
is patterned. The system is designed to support the colocalized
high-Q optical cavity mode and the mechanical resonance
mode simultaneously. In this device, the optical mode and
the mechanical mode can interact strongly with each other via
radiation pressure; a single-photon radiation pressure coupling
strength of 1.1 x 10° Hz has been realized experimentally [9].

Recently, in some research experiments, optomechanical
crystal nanobeams have been fabricated using both photoe-
lastic and piezoelectric materials [7,9,12], such as AIN [7].
Under the effects of the radiation pressure and the piezoelectric
interaction, the AlN-nanobeam resonator can be driven by
both the optical field and the microwave field simultaneously.
Strong piezoelectric coupling between the microwave field and
the mechanical resonator has also been realized recently [37—
40]. For example, in the superconducting coplanar microwave
cavity system, the piezoelectric coupling strength between the
microwave and mechanical modes can be designed to reach
12.3 x 10° Hz [37].

Here, we propose a hybrid optical and microwave piezo-
optomechanical cavity system in which an optomechanical
crystal AIN-nanobeam resonator is placed in a superconduct-
ing coplanar microwave cavity without contact. In this system,
the AIN-nanobeam mechanical resonator can be effectively
driven by both the microwave field and the optical field
simultaneously, under the effects of the radiation pressure and
the piezoelectric interaction, respectively. We show that when
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an intense microwave field is applied to the superconducting
microwave cavity, with a strong pump and a weak probe optical
field applied to the optomechanical crystal cavity through the
optical waveguide, a double-OMIT window can be obtained
in the weak output probe field. Similar to the double-EIT
observed in the natural atomic systems, the double-OMIT can
be applied in the fields of optical switches, high-resolution
spectroscopy, and quantum information processing in solid-
state quantum systems.

This phenomenon arises because an N-type four-level
structure can be formed in our scheme, similar to the double-
EIT phenomenon, which also arises from the four-level struc-
ture formed in the natural atomic systems, and the relevant
mechanisms have been studied extensively [26,41]. In contrast
to the single-OMIT phenomenon observed in the traditional
A-type three-level optomechanical system [42], the energy
level of the mechanical resonator is split into two new dressed
levels in our system. Under the effect of quantum interference
between different energy-level pathways, the third-order non-
linear absorption can be enhanced by constructive quantum
pathway interference, while the linear absorption is inhibited
by destructive quantum pathway interference; as a result, the
single transmission window is split into two new windows to
generate the double-OMIT window.

The double-OMIT phenomenon has been studied theoreti-
cally in many three-mode nonlinear optomechanical systems
[30,31,43—46]. According to the different types of combina-
tions, these systems can be divided into the following classes:
the cavity mode coupled with two mechanical resonator modes
[43,44], the mechanical resonator mode coupled with two
cavity modes [45], the mechanical resonator mode coupled
with a cavity mode and an another mechanical resonator
[30] (or a qubit [31]) mode, the cavity mode coupled with
a mechanical resonator mode and another cavity mode [46],
and so on. Relative to the previously studied systems, our
system has the following advantages: (i) our proposed scheme
is a combination of the piezoelectric optomechanical crystal
AlN-nanobeam resonator and the superconducting coplanar
microwave cavity, which is relatively robust and scalable;
(i1) the distance between the two windows of the double-OMIT
can be controlled by changing the piezomechanical coupling
strength, which is related to the position of the AIN-nanobeam
resonator in the microwave cavity; (iii) our scheme can realize
switching between the double-OMIT and the single-mode
OMIT by changing the frequency of the microwave field,
and the transmission width of the single-mode OMIT window
can be controlled by changing the power of the microwave
field; (iv) moreover, our scheme can also realize switching
between the symmetric and asymmetric double-OMIT window
by changing the frequency of the microwave field, in contrast to
previous schemes, in which the frequencies of the mechanical
resonator [30] and qubit [31] are fixed in the designed devices
and only the symmetric or asymmetrical double-OMIT win-
dow is generated.

The paper is organized as follows. In Sec. II we describe the
proposed system and derive the quantum Langevin equations
(QLEs). In Sec. III we discuss the experimental feasibility of
our system and the physical mechanism of the double-OMIT.
In Sec. IV the tunable OMIT controlled by the input fields is
presented. The last section concludes the paper.
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FIG. 1. (a) Schematic diagram of the hybrid optical and mi-
crowave piezo-optomechanical cavity system in which an optome-
chanical crystal AIN-nanobeam resonator is placed in a superconduct-
ing coplanar microwave cavity without contact. The superconducting
coplanar microwave cavity is driven by an intense microwave field.
The optomechanical crystal AIN-nanobeam resonator is driven by a
strong pump field and a weak probe field via the optical waveguide.
(b) Schematic diagram for the experimental configuration, where
the superconducting coplanar microwave cavity comprises a top
electrode (purple), bottom electrodes (yellow), SiO, substrate (cyan),
and silicon substrates (blue).

II. THEORETICAL MODEL

The schematic of our proposed hybrid optical and mi-
crowave piezo-optomechanical cavity system is shown in
Fig. 1(a), in which an optomechanical crystal AIN-nanobeam
resonator is placed in a superconducting coplanar microwave
cavity without contact. Figure 1(b) shows the schematic dia-
gram of the experimental configuration. The optomechanical
crystal cavity AlN-nanobeam resonator is a mechanically
suspended AIN beam in which an array of periodic elliptical
air holes is patterned. The resonator is designed to support
the colocalized high-Q optical cavity modes and the mechan-
ical resonance modes simultaneously, and the same structure
was fabricated and applied in a related experiment [7]. The
superconducting coplanar microwave cavity comprises the
top electrode, bottom electrodes, SiO, substrate, and silicon
substrates, where the bottom electrode is offset from the
AIN-nanobeam resonator to form the ground plane, and the
top electrode is fabricated beside the AIN-nanobeam resonator
with a gap between them. This arrangement can ensure a
considerable portion of the out-of-plane electric field in the
AIN-nanobeam resonator and ease fabrication challenges [37].
The AIN-nanobeam mechanical resonator can be effectively
driven by both the microwave field and the optical field, in
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which the microwave field is applied to the superconducting
coplanar microwave cavity directly, and the optical fields are
applied to the system via the optical waveguide. The coupling
between the optical field and the mechanical motion is referred
to as the optomechanical coupling, and the coupling between
the microwave field and the mechanical motion is referred
to as the piezomechanical coupling. More importantly, as a
gap exists between the top electrode and the AIN-nanobeam
resonator, the piezoelectric coupling strength can be adjusted
by changing the distance between them, with the strength being
inversely proportional to the distance [37].

We assume that when the superconducting planar mi-
crowave cavity is driven by an intense microwave field with
frequency wy, a strong optical pump field with frequency
wpy and a weak optical probe field with frequency w,, are
applied to the optomechanical AIN-nanobeam resonator cavity
via the optical waveguide. The frequency of the microwave
cavity is ., and the frequencies of the colocalized optical
cavity mode and mechanical phonon mode are w, and w,
respectively. By adopting the interaction picture with respect to
H = ha)pu&m + hwété, the Hamiltonian of the total system
can be given by

H = Hy+ H,, (1

where
Hy = hAa'a + iA e + wpb'h, )

H; = _hgoméﬁ&(élL + B) - hgem(l;Té\' + I;@T)
+ (ihepa' +ihe,e ™l +ihee’ + He). (3)

H, is the free Hamiltonian of the system, where &, ¢, and b
are the annihilation operators of the optical cavity mode, the
microwave cavity mode, and the mechanical phonon mode,
respectively. A, = w, — wpy, is the detuning of the optical
pump field from the optical cavity, and A, = w, — wy is the
detuning of the microwave-driven field from the microwave
cavity. H; describes the interaction between the hybrid piezo-
optomechanical cavity system and the input fields. The first
term is the optomechanical interaction term. g, denotes the
single-photon optomechanical coupling strength between the
microwave field and the mechanical phonon mode and is
defined as gom = (w,/L)/h/mwy, where m is the effective
mass of the mechanical mode and L is the effective length
of the optical cavity. The second term is the piezomechanical
interaction term, where g, is the piezomechanical coupling
strength between the microwave field and the mechanical
phonon mode. The last four terms describe the energy of the
input fields, where § = wy — wpy is the detuning of the optical
probe field from the pump field. The intensities of the input op-
tical pump field, optical probe field, and the microwave field are
defined as epy = \/ Pouka/(iwpy), &pr = \/ Porka/(fiwp), and
e = / Pri./(hay), respectively, where Py, Py, and Py are the
input powers of the optical pump field, optical probe field, and
the microwave field, respectively. x, and k. are the decay rates
of the optical cavity and the microwave cavity, respectively.
However, the dynamics of the three modes are also affected
by damping and noise processes. By adopting the approach
involving the QLEs, in which the Heisenberg equations for

the operators are supplemented with damping and noise terms
[8,32], we find the resulting nonlinear QLEs to be

é = _<iAa + %)a + lgoma(z;l[ + B)
+ epu + e " + fin,

. Ke . . ~ 2

¢ = —<iAC + 5>c+1gemb + &k + &ins

A . Yo\ £ . PEN . N ~

b=— la)b-l—? b+igomd'd +igeml+ S, (4

where y,, is the intrinsic damping rate of the mechanical res-
onator; fin and é‘m are the optical and microwave input noises,
respectively; and &y, is the quantum Brownian noise acting on
the nanobeam resonator [8]. For simplicity, the hat symbols of
the operators are omitted in the rest of this description.

Relative to the intensities of the optical pump field and the
microwave field, the optical probe field is a weak field that satis-
fies the conditions &, < &,y and &y K &;. We can linearize the
dynamical equations of the system by assuming a = a, + da,
¢ = ¢y + 8c,and b = by + b, all of which are composed of an
average amplitude and a fluctuation term. Here, a;, ¢, and by
are steady-state values when only the strong optical pump field
and the microwave field are applied. By assuming &,, — 0 and
setting all the time derivatives to zero, we obtain

ag = —Spu
A ZA; + %1
igembs + &
Cs = — x>
iIA. + =5
b, = igomlas|2 + igemCs 7 (5)

ia)b-f-%

where Al = A, — gom(b + by), Al is the effective detuning
of the optical pump field from the optical cavity, including the
frequency shift caused by the mechanical motion. Furthermore,
by substituting the assumptions a = a; + da, c = ¢; + ¢, and
b = bs + b into the nonlinear QLEs and dropping the small
nonlinear terms, we can obtain the linearized QLEs as follows:

Sa = —<m; + Kz_a>aa +iGom(8b" + 8b) + ey + fin,
. K¢ .
Sc = —(iAc + ?>3C + i8em8b + &in,

§h = — (iw,, + %)519 + (G 8a+ Gomda®) +igemdc + Gins

(6)

where Gom = gomds is the total coupling strength between the
optical mode and mechanical mode.

We assume that the system is operated in the resolved
sideband regime, in which w, > k, and w; > k.. The me-
chanical resonator has a high quality factor for w, > y, and
the mechanical frequency wy, is also much larger than G, and
Zem- The fluctuation terms éa, éc, §b and the noise terms fiy,
&in» Gin can be rewritten as

Sa = Sa,e " + Sa_e',

Sc = 8cpe P 4 8c e,
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8b = b, e " 4 5b_¢",
. , (N
Sf‘in — 8ﬁn+67l5t + S‘fin,el&,
8§in = (Sgin.t,-eiiat + Sgin_eistv

Sgin = 8§in+eii8[ + 8§in_ei8t P

where §O, and §O_ (with O = a,c,b) correspond to the
components at the original frequencies of wy,; and 2wy — @y,
respectively [33,47]. Substituting Eq. (7) into Eq. (6) and ig-
noring the second-order small terms and equating coefficients
of terms with the same frequency, we obtain the component at
the original frequencies w,, as follows:

: Kaq .
5a+ = <i)\a — ?>8a+ + lG0m5b+ + 8pr + ﬁn+,

- Ke .
dcy = (ikc - E)(SC.;,_ +igemdby + &iny, ®)

5bhy = (i,\b - %)3@ +iGE 8y + igemdCs + Cinys

where A, =8 — A/, A, =8 — A,,and Ay =8 — wp.

Next, we take the expectation values of the operators
in Eq. (8). The noise terms obey the following correlation
fluctuations [11]:

(FalOFL (1)) = [N@o) + 1160t — 1),
(AL f, (1)) = IN(@)IS@ — 1),
EnOEL (1)) = [IN(we) + 118 — 1),

)
ELDEL)) = N8 — 1),
(En(EL ") = [N(wp) + 118 — 1),
(&l (12, () = [N@p)18(t — 1),
where  N(wg) = [exp(hwg/ksT) — 117! and N(w.) =

[exp(fiw./kpT) — 117" are the equilibrium mean thermal
photon numbers of the optical and microwave fields,
respectively;  N(wp) = [exp(hwy/kgT) — 117" is  the
equilibrium mean thermal phonon number of the nanobeam
resonator. We can safely assume that the optical field
satisfies the condition fiw,/kpT > 1 at room temperature.
For microwave fields and the nanobeam resonator, whose
frequencies are both in the GHz regime, environmental
temperature in the mK regime—which can be reached
inside a dilution refrigerator—is sufficient to ensure that
how:/kgT > 1 and hwp/kgT > 1 [11,48]. To neglect the
influences of noise, we assume that our system is operated
in temperatures of the mK regime, in which the noise terms
satisfy the condition { finy) = (§iny) = (Giny) = 0. Under the
mean-field steady-state condition (8d+) = (8é+) = (6by) =
0, we obtain

0= (ma - %”)(3@ + i Gom (8bs) + £pr.
. K¢ .
0= (l?»c - 3)(3C+) +igem(0by),

0= (mb - %)(314) +iG* (Say) + igem(Scy).  (10)

The solution of (§a. ) can be obtained as

e
pr

|Gom* ) (in

L —ipp+ i

K ine
5 —ikc

(bay) =

%J _i)‘-a +

With the input-output relation of the cavity, the output field
at the probe frequency w,, can be expressed as [33,42]

Eout = 2Kq (8Cl+> — &pr- (12)

The transmission coefficient T}, of the probe field is also given
by [28,32]

&
Ty = 8"‘“ = 2ic,(8ay)/ep — 1. (13)
pr
_ 2k.(8ay)

Defining ey = ===, we obtain the quadrature er of the
-
output field at the probe frequency wy,

2k,

i, +

er = 2k, (8ay)/epr = (14)

[

2
Yo iy 8¢m
2 it & —ine

The real part Re [¢7] and imaginary part Im [er] describe the
absorption and dispersion of the system, respectively.

Supposing that both the optical cavity and the microwave
cavity are driven at the mechanical red sideband, where A/ =
A, = wp, we define L = A, = A, = A;. After the simplifica-
tion, the term &7 can be rewritten in a more intuitive form as
follows:

2K,

o=t —, (15)
3 ikt pupsrr s el w—y
where A4 and A4 are
L 2
%+ i Agen® = (4 - %)
}\.i = )
2
P
As = iﬁmomﬁ (16)

This expression has the standard form for the double-OMIT,
which is similar to the double-EIT [49].

III. PHYSICAL MECHANISM OF THE DOUBLE-OMIT

We present below a discussion of the feasibility of double-
OMIT in the hybrid piezo-optomechanical cavity system. The
parameters of the optomechanical crystal AIN-nanobeam res-
onator we used are based on a realistic system [9] in which the
single-photon optomechanical coupling strength can exceed
gom/27m = 1.1 MHz. The parameters of the superconducting
coplanar microwave cavity we used are also based on a
related experiment in which the intrinsic quality factor of
the superconducting coplanar microwave cavity can exceed
2 x 10° [50]. The frequency of the AIN-nanobeam resonator
and the decay rate of the optical cavity are wy, /2w = 2.4 GHz
and «,/2m = 5.2 GHz, respectively. Although these values
do not strictly meet the condition of the sideband-resolved
regime of w;, > k,, the assumption that the system is sideband
resolved is still valid [9]. The piezoelectric coupling strength
between the superconducting coplanar microwave cavity and
the optomechanical crystal AIN-nanobeam resonator can be
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FIG. 2. (a) The absorption Re[e7] and (b) the dispersion Im[e7]
as a function of (6 — wy,)/wy. The parameters we chose are gom /27 =
1.1 MHz, gen/27w =12.3 MHz, «,/27 =5.2 GHz, «./2n =
0.025 MHz, y, /27 = 0.096 MHz, 0, /27 = 194 THz, . /27 = 10
GHz, w,/2m = 2.4 GHz, P, =0.12mW, P, = 0.1 mW, and A, =
A, = wy. The insets in (a) and (b) show the magnified Re[e7] and
Im[e7] for the same parametric values, respectively.

expected to reach gep, /2m = 12.3 MHz for an optomechanical
crystal AIN-nanobeam resonator structure of height, width,
and length of 0.55 um, 1 um, and 100 um, respectively [37].

We assume that both the optical cavity and the microwave
cavity are driven at the mechanical red sideband, where A}, =
A, = wp. The absorption Re [¢7] and dispersion Im [er] of
the optical probe field are plotted as functions of (§ — wp)/wp,
as shown in Fig. 2. In the absorption curve of the optical
probe field, two transparency windows can be obtained, for
which the positions of two minima points are determined by
the imaginary part of A, as shown in Eq. (16). The distance
between the two minima points is 2gem,, Which is closely related
to the piezomechanical coupling strength gep,. If we eliminate
the piezomechanical interaction, then the form of e becomes

2K,

S idg +

er = TR a7

Vb _;
2 l)ub

er has the standard form of the single-OMIT window, as shown
in Fig. 3.

This phenomenon originates from the quantum interfer-
ence effect between different energy-level pathways, and
the energy-level configuration is presented in Fig. 4(a). In
the hybrid piezo-optomechanical cavity system, an N-type
four-level system can be formed by the energy levels of the
superconducting microwave cavity, the optical cavity, and the
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FIG. 3. (a) The absorption Re[er] and (b) the dispersion Im[e7]
as a function of (§ — w,)/wp, with eliminating the piezomechanical
interaction, i.e., gem, = 0. The other parameters are the same as those
in Fig. 2. The insets in (a) and (b) show the magnified Re[er] and
Im[er] for the same parametric values, respectively.

mechanical resonator. When the input optical fields and the
microwave field are applied to the corresponding levels, the
energy level of the mechanical resonator is split into two
new dressed levels by the piezomechanical coupling effect.
Under the condition A/, = A, = w), for simplicity, the two new
dressed levels are A and the disparity between them is 2gep,, as
shown in the dressed-state picture in Fig. 4(b). Under the effects
of the optical radiation pressure, as quantum interference
occurs between different energy-level pathways, the third-
order nonlinear absorption can be enhanced by constructive
quantum pathway interference, whereas the linear absorption
can be inhibited by destructive quantum pathway interference.
As aresult, the double-OMIT window appears, and the relevant
mechanisms have been studied extensively [26,41]. When
eliminating the piezomechanical interaction, no splitting of
the mechanical resonator level occurs, and the energy-level
structure of the scheme remains a A-type three-level system;
under the effects of the optical radiation pressure, the double-
OMIT window is converted to a single-OMIT window.

IV. TUNABLE DOUBLE-OMIT VIA THE OPTICAL
AND MICROWAVE FIELDS

To further explore the characteristic of the microwave-
controlled optical double-OMIT, we plot the absorption Re[e7]
as functions of (6 — wp)/wp and gem. As shown in Fig. 5, in
the absence of the controlled microwave field, only a single
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FIG. 4. (a) Energy-level structure of the hybrid piezo-
optomechanical cavity system, where the states of the levels
are designated |i)(i = 1,2,3,4). The energy differences between |1)
and |4), |1) and |3), and |1) and |2) are the frequencies of cavity a,
cavity ¢, and mechanical resonator b, respectively, and are designated
w,, W, and w,, respectively. wy, is equal to w,, and the detuning
events between them are w, — wpy = W, — W = w,. (b) Energy-level
structure of the hybrid piezo-optomechanical cavity system in the
dressed-state picture. |A.) are the new dressed levels generated by
the piezomechanical coupling, with the energy difference of 2g.p,.

transparency window of the optical probe field appears at
frequency & = wp. With the enhancement of the piezome-
chanical coupling strength, the single transmission window
is split into two transparency windows, and the separation
between them increases. This phenomenon originates from the
splitting of the mechanical resonator, which is determined by
the piezomechanical coupling strength, in which the positions
of the two minima points correspond to the imaginary part of

T | “[—g,_/2n=0MHz
2y ] ”

| — g, / 27 = 3 MHz

1.5 —gemI2n=6MHz
"__3'_ gem12n=9MHz
L 9o | 27=12 MHz
14 PN -

02 04

0.2 0 (50, )lo,

9., /27 (MHZ) 3 0

FIG. 5. The absorption Re[er] as functions of (§ — w;)/w, and
piezomechanical coupling strength g.,. The units of g.,, are 2w x
3 MHz, the values of them are g.,,/27 = 0,3,6,9,12 MHz, the blue
(deep-dark gray) curve, green (dark gray) curve, red (medium gray)
curve, cyan (light gray) curve, and purple (shallow-light gray) curve
correspond to them, respectively. The other parameters are the same
as those in Fig. 2.

e |—P_=1.0x10°W
y pu

,,,,,, i|—P_ =1.001x10°W
: pu

“S P =2001x10°W
pu

P =3.001x10°W
pu

P =4.001x10°W
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0.2 0.4

Pou @) 2 4 02 0 (50,

FIG. 6. The absorption Re[er] as functions of (§ — wp)/w, and
optical pumping power P,,. The units of P,, are 1x 1076 W,
the values of them are P, = 1.0 x 1072,1.001 x 1076,2.001 x
107%,3.001 x 107%,4.001 x 10~° W, the blue (deep-dark gray) curve,
green (dark gray) curve, red (medium gray) curve, cyan (light gray)
curve, and purple (shallow-light gray) curve correspond to them,
respectively. The other parameters are the same as those in Fig. 2.

A+. When the piezomechanical coupling strength is zero, there
is no splitting of the mechanical resonator, and the energy-
level structure of the scheme remains a A-type three-level
system; under the effects of the optical radiation pressure,
the single-OMIT is obtained. With the enhancement of the
piezomechanical coupling strength, the mechanical resonator
is split into two new dressed levels A, and the A-type three-
level structure of the scheme is replaced by the N-type four-
level structure. With the occurrence of the double-OMIT, the
single transmission window is also split into two transmission
windows.

In the situation shown in Fig. 5, as the transmission rate
of the probe field at the frequency of § = w; is determined
by the piezomechanical coupling strength, this phenomenon
can be used to realize an optical switch via the modulation of
the piezomechanical coupling strength from zero to a nonzero
value, based on the relation that the strength is inversely
proportional to the distance between the top electrode and the
AlN-nanobeam resonator; this phenomenon is similar to the
optical switch realized in natural atomic systems [24]. When
the two transparency windows appear, a narrow absorption
line can be obtained at frequency 6 = w;. As the linewidth
of the narrow absorption line is approximately equal to gem,
which is small enough relative to the linewidth of the optical
cavity (k,/2m = 5.2 GHz), this phenomenon can be poten-
tially applied in the field of high-resolution spectroscopy and
is similar to the sub-Doppler spectral resolution observed in
natural atomic systems [25]. Furthermore, when the double-
OMIT occurs, our system is in a dark state [51] in which the
population of the system is in a coherent superposition of the
states |1), |A4+), and |A_). This is similar to the single-OMIT,
in which the population is in the coherent superposition of
states |1) and |2). As a result, our system also provides an ap-
proach for coherent population trapping in solid-state quantum
systems.

Figure 6 presents the absorption Re[e7] with respect to
(8§ — wp)/wy, for different strengths of the optical pump field.
We find that in the absence of the optical pump field, when
only an intense microwave field is applied to the system,
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FIG. 7. The absorption Re[er] as functions of (§ — wp)/w, and
the detuning A.. The units of A, are 0.05 x wy, the values of them
are A./w, = 0.9,0.95,1,1.05,1.1, the blue (deep-dark gray) curve,
green (dark gray) curve, red (medium gray) curve, cyan (light gray)
curve, and purple (shallow-light gray) curve correspond to them,
respectively. The other parameters are the same as those in Fig. 2.

no transparency windows appear, because without the opti-
cal radiation pressure, even though the microwave field is
intense enough to generate strong piezomechanical coupling,
no quantum interference occurs between different energy-
level pathways. With increasing optical pump field power,
the transmission depth of the double-OMIT window also
increases. This phenomenon occurs because the transmission
rates of the two minima points of Ay are both proportional
to the optomechanical coupling strength |Gon|, as shown in
Eq. (15); with the enhancement of the optomechanical coupling
strength, the quantum interference strength between different
energy-level pathways becomes increasing strong, thereby in-
creasing the transmission depth of the double-OMIT window.
In this situation, as shown in Fig. 6, the transmission rates of
the probe field at two minima points can both be adjusted by
the optical pump field, and the frequencies of the probe field at
those two minima points can also be used as the information
channel; hence this phenomenon can potentially be applied
in double-frequency channel information processing in solid-
state quantum systems.

Furthermore, we discuss the situation in which A, is
different from the mechanical resonator frequency wjy, where
A, is the detuning of the microwave-driven field from the
microwave cavity. As illustrated in Fig. 7, when the detuning
A, is far from the frequency of the mechanical resonator wy,
no double-OMIT appears. When the detuning A, is slightly
different from that of w;, the asymmetric double-transparency
window appears. Relative to the case of A, = wj, the absorp-
tion curves move rightward (leftward) in the case of A, < wy
(A, > wp). With an increasing difference between A, and
wp, the degree of window asymmetry also increases. This
phenomenon is characterized by Eqgs. (14)—-(16). When A, #
wp, the condition A, = A, = XA, converts into A, # A. # Ap.
As a result, the mechanical resonator level splits into two new
asymmetric dressed levels, with the separations between them
from the mechanical resonator level and the transmission rates
of the two minima points being unequal. In this situation,
because the frequencies of the two minima points can both
be controlled by changing the frequency detuning between
the microwave-driven field, and because the frequencies of
the probe field at those two minima points can be used as

|—P,=1.0x10°W

1 T L —P, =5.01x 107w
: . SRS
u:"1 ————— —P, =1.001 x 10 W
il IR o :
x P, =1.501 x10° W

P, =2.001x10° W

x10% 1 - e ,,,,,
0.5 ' ) '

2 3

-1 0 ! (-0, )o
b" b

P.W) o 3 2

FIG. 8. The absorption Re[er] as functions of (§ — wp)/wp
and microwave field strength P, with A. = 0. The units of Py
are 5 x 1077 W, the values of them are P, = 1.0 x 1072,5.01 x
1077,1.001 x 107%,1.501 x 1076,2.001 x 10~% W, the blue (deep-
dark gray) curve, green (dark gray) curve, red (medium gray)
curve, cyan (light gray) curve, and purple (shallow-light gray) curve
correspond to them, respectively. The other parameters are the same
as those in Fig. 2.

the information channels, this phenomenon can also be applied
for tunable double-frequency channel information processing
in solid-state quantum systems.

For a more comprehensive treatment, we consider the
condition that the frequency of the microwave field is resonant
with the superconducting coplanar microwave cavity for which
the detuning A, = 0. As shown in Fig. 8, when a weakly con-
trolled microwave field is applied to the system, only a single
transparency window appears at the frequency of § = wj,. With
the enhancement of the controlled microwave field power, the
single transmission window gradually becomes a narrow line.
This phenomenon arises because when A, is far from wj.
Based on Eqgs. (14)—(16), the mechanical resonator level splits
into two new asymmetric dressed levels for which both the sep-
arations between them from the mechanical resonator level and
the transmission rates of the two minima points are unequal.
When the detuning A, = 0 is too far from wj, the asymmetry
degree of the window is so high that the smaller of the two trans-
parency windows vanishes. With the enhancement of the mi-
crowave field, based on Eq. (5), the effective detuning between
the optical pump field and the optical cavity becomes increas-
ingly greater than wj; as a result, the optomechanical coupling
strength |G,y | decreases gradually, causing the single trans-
mission window to shrink into a narrow line. In this situation,
because the transmission rates of probe field at frequencies § =
wy, can be controlled by changing the power of the microwave-
driven field, similar to the situation shown in Fig. 7, this phe-
nomenon can also be used for tunable single-frequency channel
information processing in solid-state quantum systems.

V. CONCLUSION

In conclusion, our proposed scheme provides a feasible way
to control the optical field with a microwave field in solid-state
quantum systems in which a piezoelectric optomechanical
crystal resonator is placed in a superconducting microwave
cavity. In this scheme, an N-type four-level structure can be
formed. Under the effects of the radiation pressure and the
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piezoelectric interaction, the quantum interference between
different energy-level pathways induces the occurrence of the
double-OMIT. Similar to the double-EIT observed in natural
atomic systems, the double-OMIT can also be applied in the
fields of optical switches, high-resolution spectroscopy, coher-
ent population trapping, and quantum information processing.
With the advantage of integration, our system can be extended
to other hybrid solid-state systems, which would be helpful for
exploring new quantum phenomena.

ACKNOWLEDGMENTS

This work is supported by the Strategic Priority Research
Program (Grant No. XDB01010200), the Hundred Talents
Program of the Chinese Academy of Sciences (Grant No.
Y321311401), the National Natural Sciences Foundation of
China (Grants No. 11347147, No. 61605225, No. 11674337,
and No. 11547035), and the Natural Science Foundation of
Shanghai (Grant No. 16ZR1448400).

[1] Y.-D. Wang and A. A. Clerk, Phys. Rev. Lett. 108, 153603
(2012).

[2] S. Barzanjeh, M. Abdi, G. J. Milburn, P. Tombesi, and D. Vitali,
Phys. Rev. Lett. 109, 130503 (2012).

[3] S. A. McGee, D. Meiser, C. A. Regal, K. W. Lehnert, and M. J.
Holland, Phys. Rev. A 87, 053818 (2013).

[4] R. W. Andrews, R. W. Peterson, T. P. Purdy, K. Cicak, R. W.
Simmonds, C. A. Regal, and K. W. Lehnert, Nat. Phys. 10, 321
(2014).

[5] M. Lejman, G. Vaudel, I. C. Infante, I. Chaban, T. Pezeril, M.
Edely, G. F. Nataf, M. Guennou, J. Kreisel, V. E. Gusev, B.
Dkhil, and P. Ruello, Nat. Commun. 7, 12345 (2016).

[6] X.-W. Xu, Y. Li, A.-X. Chen, and Y.-x. Liu, Phys. Rev. A 93,
023827 (2016).

[7] J. Bochmann, A. Vainsencher, D. D. Awschalom, and A. N.
Cleland, Nat. Phys. 9, 712 (2013).

[8] S. Barzanjeh, D. Vitali, P. Tombesi, and G. J. Milburn, Phys.
Rev. A 84, 042342 (2011).

[9] K. C. Balram, M. I. Davango, J. D. Song, and K. Srinivasan, Nat.
Photonics 10, 346 (2016).

[10] E. Verhagen, S. Deléglise, S. Weis, A. Schliesser, and T. J.
Kippenberg, Nature (London) 482, 63 (2012).

[11] M. Aspelmeyer, T. J. Kippenberg, and F. Marquardt, Rev. Mod.
Phys. 86, 1391 (2014).

[12] K. C. Balram, M. I. Davanco, B. R. Ilic, J.-H. Kyhm, J. D. Song,
and K. Srinivasan, Phys. Rev. Appl. 7, 024008 (2017).

[13] C. Regal, J. Teufel, and K. Lehnert, Nat. Phys. 4, 555 (2008).

[14] Z.-L. Xiang, S. Ashhab, J. Q. You, and F. Nori, Rev. Mod. Phys.
85, 623 (2013).

[15] S. E. Harris, Phys. Today 50(7), 36 (1997).

[16] K. J. Boller, A. Imamoglu, and S. E. Harris, Phys. Rev. Lett. 66,
2593 (1991).

[17] A. André, M. Bajcsy, A. S. Zibrov, and M. D. Lukin, Phys. Rev.
Lett. 94, 063902 (2005).

[18] S.E. Harris and Y. Yamamoto, Phys. Rev. Lett. 81,3611 (1998).

[19] M. Yan, E. G. Rickey, and Y. Zhu, Opt. Lett. 26, 548 (2001).

[20] H. Kang and Y. Zhu, Phys. Rev. Lett. 91, 093601 (2003).

[21] W. Jiang, Q.-f. Chen, Y.-s. Zhang, and G.-C. Guo, Phys. Rev. A
73, 053804 (2006).

[22] D. Petrosyan and Y. P. Malakyan, Phys. Rev. A 70, 023822
(2004).

[23] J. A. Sedlacek, A. Schwettmann, H. Kiibler, R. Low, T. Pfau,
and J. P. Shaffer, Nat. Phys. 8, 819 (2012).

[24] P. Kumar and S. Dasgupta, Phys. Rev. A 94, 023851 (2016).

[25] S. E. Harris and L. V. Hau, Phys. Rev. Lett. 82, 4611 (1999).

[26] S. Li, X. Yang, X. Cao, C. Zhang, C. Xie, and H. Wang, Phys.
Rev. Lett. 101, 073602 (2008).

[27] V. Bali¢, D. A. Braje, P. Kolchin, G. Y. Yin, and S. E. Harris,
Phys. Rev. Lett. 94, 183601 (2005).

[28] S. Weis, R. Riviere, S. Deléglise, E. Gavartin, O. Arcizet,
A. Schliesser, and T. J. Kippenberg, Science 330, 1520
(2010).

[29] A. H. Safavi-Naeini, T. M. Alegre, J. Chan, M. Eichenfield, M.
Winger, Q. Lin, J. T. Hill, D. E. Chang, and O. Painter, Nature
(London) 472, 69 (2011).

[30] P--C.Ma,J.-Q. Zhang, Y. Xiao, M. Feng, and Z.-M. Zhang, Phys.
Rev. A 90, 043825 (2014).

[31] H. Wang, X. Gu, Y.-X. Liu, A. Miranowicz, and F. Nori, Phys.
Rev. A 90, 023817 (2014).

[32] W.Z.Jia,L.F. Wei, Y. Li, and Y.-x. Liu, Phys. Rev. A 91, 043843
(2015).

[33] J.-Q. Zhang, Y. Li, M. Feng, and Y. Xu, Phys. Rev. A 86, 053806
(2012).

[34] K. Y. Fong, L. Fan, L. Jiang, X. Han, and H. X. Tang, Phys. Rev.
A 90, 051801 (2014).

[35] Z. Duan, B. Fan, T. M. Stace, G. J. Milburn, and C. A. Holmes,
Phys. Rev. A 93, 023802 (2016).

[36] X. Wang, A. Miranowicz, H.-R. Li, and F. Nori, Phys. Rev. B
95, 205415 (2017).

[37] C.-L. Zou, X. Han, L. Jiang, and H. X. Tang, Phys. Rev. A 94,
013812 (2016).

[38] X.Han, C.-L. Zou, and H. X. Tang, Phys. Rev. Lett. 117, 123603
(2016).

[39] A. N. Cleland and M. R. Geller, Phys. Rev. Lett. 93, 070501
(2004).

[40] A.D. O’Connell, M. Hofheinz, M. Ansmann, R. C. Bialczak, M.
Lenander, E. Lucero, M. Neeley, D. Sank, H. Wang, M. Weides
et al., Nature (London) 464, 697 (2010).

[41] M. Yan, E. G. Rickey, and Y. Zhu, Phys. Rev. A 64, 041801
(2001).

[42] G. S. Agarwal and S. Huang, Phys. Rev. A 81, 041803 (2010).

[43] S. Shahidani, M. H. Naderi, and M. Soltanolkotabi, Phys. Rev.
A 88, 053813 (2013).

[44] S. Huang, J. Phys. B 47, 055504 (2014).

[45] K. Qu and G. S. Agarwal, Phys. Rev. A 87, 031802 (2013).

[46] W.-j. Gu and Z. Yi, Opt. Commun. 333, 261 (2014).

[47] S. Huang and G. S. Agarwal, Phys. Rev. A 83, 023823
(2011).

[48] A. Cleland, Nat. Phys. 5, 458 (2009).

[49] H. M. M. Alotaibi and B. C. Sanders, Phys. Rev. A 89, 021802
(2014).

[50] A. Megrant, C. Neill, R. Barends, B. Chiaro, Y. Chen, L. Feigl,
J. Kelly, E. Lucero, M. Mariantoni, P. J. J. O’Malley, D. Sank,
A. Vainsencher, J. Wenner, T. C. White, Y. Yin, J. Zhao, C. J.
Palmstrm, J. M. Martinis, and A. N. Cleland, Appl. Phys. Lett.
100, 113510 (2012).

[51] M. D. Lukin, S. F. Yelin, M. Fleischhauer, and M. O. Scully,
Phys. Rev. A 60, 3225 (1999).

013807-8


https://doi.org/10.1103/PhysRevLett.108.153603
https://doi.org/10.1103/PhysRevLett.108.153603
https://doi.org/10.1103/PhysRevLett.108.153603
https://doi.org/10.1103/PhysRevLett.108.153603
https://doi.org/10.1103/PhysRevLett.109.130503
https://doi.org/10.1103/PhysRevLett.109.130503
https://doi.org/10.1103/PhysRevLett.109.130503
https://doi.org/10.1103/PhysRevLett.109.130503
https://doi.org/10.1103/PhysRevA.87.053818
https://doi.org/10.1103/PhysRevA.87.053818
https://doi.org/10.1103/PhysRevA.87.053818
https://doi.org/10.1103/PhysRevA.87.053818
https://doi.org/10.1038/nphys2911
https://doi.org/10.1038/nphys2911
https://doi.org/10.1038/nphys2911
https://doi.org/10.1038/nphys2911
https://doi.org/10.1038/ncomms12345
https://doi.org/10.1038/ncomms12345
https://doi.org/10.1038/ncomms12345
https://doi.org/10.1038/ncomms12345
https://doi.org/10.1103/PhysRevA.93.023827
https://doi.org/10.1103/PhysRevA.93.023827
https://doi.org/10.1103/PhysRevA.93.023827
https://doi.org/10.1103/PhysRevA.93.023827
https://doi.org/10.1038/nphys2748
https://doi.org/10.1038/nphys2748
https://doi.org/10.1038/nphys2748
https://doi.org/10.1038/nphys2748
https://doi.org/10.1103/PhysRevA.84.042342
https://doi.org/10.1103/PhysRevA.84.042342
https://doi.org/10.1103/PhysRevA.84.042342
https://doi.org/10.1103/PhysRevA.84.042342
https://doi.org/10.1038/nphoton.2016.46
https://doi.org/10.1038/nphoton.2016.46
https://doi.org/10.1038/nphoton.2016.46
https://doi.org/10.1038/nphoton.2016.46
https://doi.org/10.1038/nature10787
https://doi.org/10.1038/nature10787
https://doi.org/10.1038/nature10787
https://doi.org/10.1038/nature10787
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/RevModPhys.86.1391
https://doi.org/10.1103/PhysRevApplied.7.024008
https://doi.org/10.1103/PhysRevApplied.7.024008
https://doi.org/10.1103/PhysRevApplied.7.024008
https://doi.org/10.1103/PhysRevApplied.7.024008
https://doi.org/10.1038/nphys974
https://doi.org/10.1038/nphys974
https://doi.org/10.1038/nphys974
https://doi.org/10.1038/nphys974
https://doi.org/10.1103/RevModPhys.85.623
https://doi.org/10.1103/RevModPhys.85.623
https://doi.org/10.1103/RevModPhys.85.623
https://doi.org/10.1103/RevModPhys.85.623
https://doi.org/10.1063/1.881806
https://doi.org/10.1063/1.881806
https://doi.org/10.1063/1.881806
https://doi.org/10.1063/1.881806
https://doi.org/10.1063/1.881806
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/PhysRevLett.66.2593
https://doi.org/10.1103/PhysRevLett.94.063902
https://doi.org/10.1103/PhysRevLett.94.063902
https://doi.org/10.1103/PhysRevLett.94.063902
https://doi.org/10.1103/PhysRevLett.94.063902
https://doi.org/10.1103/PhysRevLett.81.3611
https://doi.org/10.1103/PhysRevLett.81.3611
https://doi.org/10.1103/PhysRevLett.81.3611
https://doi.org/10.1103/PhysRevLett.81.3611
https://doi.org/10.1364/OL.26.000548
https://doi.org/10.1364/OL.26.000548
https://doi.org/10.1364/OL.26.000548
https://doi.org/10.1364/OL.26.000548
https://doi.org/10.1103/PhysRevLett.91.093601
https://doi.org/10.1103/PhysRevLett.91.093601
https://doi.org/10.1103/PhysRevLett.91.093601
https://doi.org/10.1103/PhysRevLett.91.093601
https://doi.org/10.1103/PhysRevA.73.053804
https://doi.org/10.1103/PhysRevA.73.053804
https://doi.org/10.1103/PhysRevA.73.053804
https://doi.org/10.1103/PhysRevA.73.053804
https://doi.org/10.1103/PhysRevA.70.023822
https://doi.org/10.1103/PhysRevA.70.023822
https://doi.org/10.1103/PhysRevA.70.023822
https://doi.org/10.1103/PhysRevA.70.023822
https://doi.org/10.1038/nphys2423
https://doi.org/10.1038/nphys2423
https://doi.org/10.1038/nphys2423
https://doi.org/10.1038/nphys2423
https://doi.org/10.1103/PhysRevA.94.023851
https://doi.org/10.1103/PhysRevA.94.023851
https://doi.org/10.1103/PhysRevA.94.023851
https://doi.org/10.1103/PhysRevA.94.023851
https://doi.org/10.1103/PhysRevLett.82.4611
https://doi.org/10.1103/PhysRevLett.82.4611
https://doi.org/10.1103/PhysRevLett.82.4611
https://doi.org/10.1103/PhysRevLett.82.4611
https://doi.org/10.1103/PhysRevLett.101.073602
https://doi.org/10.1103/PhysRevLett.101.073602
https://doi.org/10.1103/PhysRevLett.101.073602
https://doi.org/10.1103/PhysRevLett.101.073602
https://doi.org/10.1103/PhysRevLett.94.183601
https://doi.org/10.1103/PhysRevLett.94.183601
https://doi.org/10.1103/PhysRevLett.94.183601
https://doi.org/10.1103/PhysRevLett.94.183601
https://doi.org/10.1126/science.1195596
https://doi.org/10.1126/science.1195596
https://doi.org/10.1126/science.1195596
https://doi.org/10.1126/science.1195596
https://doi.org/10.1038/nature09933
https://doi.org/10.1038/nature09933
https://doi.org/10.1038/nature09933
https://doi.org/10.1038/nature09933
https://doi.org/10.1103/PhysRevA.90.043825
https://doi.org/10.1103/PhysRevA.90.043825
https://doi.org/10.1103/PhysRevA.90.043825
https://doi.org/10.1103/PhysRevA.90.043825
https://doi.org/10.1103/PhysRevA.90.023817
https://doi.org/10.1103/PhysRevA.90.023817
https://doi.org/10.1103/PhysRevA.90.023817
https://doi.org/10.1103/PhysRevA.90.023817
https://doi.org/10.1103/PhysRevA.91.043843
https://doi.org/10.1103/PhysRevA.91.043843
https://doi.org/10.1103/PhysRevA.91.043843
https://doi.org/10.1103/PhysRevA.91.043843
https://doi.org/10.1103/PhysRevA.86.053806
https://doi.org/10.1103/PhysRevA.86.053806
https://doi.org/10.1103/PhysRevA.86.053806
https://doi.org/10.1103/PhysRevA.86.053806
https://doi.org/10.1103/PhysRevA.90.051801
https://doi.org/10.1103/PhysRevA.90.051801
https://doi.org/10.1103/PhysRevA.90.051801
https://doi.org/10.1103/PhysRevA.90.051801
https://doi.org/10.1103/PhysRevA.93.023802
https://doi.org/10.1103/PhysRevA.93.023802
https://doi.org/10.1103/PhysRevA.93.023802
https://doi.org/10.1103/PhysRevA.93.023802
https://doi.org/10.1103/PhysRevB.95.205415
https://doi.org/10.1103/PhysRevB.95.205415
https://doi.org/10.1103/PhysRevB.95.205415
https://doi.org/10.1103/PhysRevB.95.205415
https://doi.org/10.1103/PhysRevA.94.013812
https://doi.org/10.1103/PhysRevA.94.013812
https://doi.org/10.1103/PhysRevA.94.013812
https://doi.org/10.1103/PhysRevA.94.013812
https://doi.org/10.1103/PhysRevLett.117.123603
https://doi.org/10.1103/PhysRevLett.117.123603
https://doi.org/10.1103/PhysRevLett.117.123603
https://doi.org/10.1103/PhysRevLett.117.123603
https://doi.org/10.1103/PhysRevLett.93.070501
https://doi.org/10.1103/PhysRevLett.93.070501
https://doi.org/10.1103/PhysRevLett.93.070501
https://doi.org/10.1103/PhysRevLett.93.070501
https://doi.org/10.1038/nature08967
https://doi.org/10.1038/nature08967
https://doi.org/10.1038/nature08967
https://doi.org/10.1038/nature08967
https://doi.org/10.1103/PhysRevA.64.041801
https://doi.org/10.1103/PhysRevA.64.041801
https://doi.org/10.1103/PhysRevA.64.041801
https://doi.org/10.1103/PhysRevA.64.041801
https://doi.org/10.1103/PhysRevA.81.041803
https://doi.org/10.1103/PhysRevA.81.041803
https://doi.org/10.1103/PhysRevA.81.041803
https://doi.org/10.1103/PhysRevA.81.041803
https://doi.org/10.1103/PhysRevA.88.053813
https://doi.org/10.1103/PhysRevA.88.053813
https://doi.org/10.1103/PhysRevA.88.053813
https://doi.org/10.1103/PhysRevA.88.053813
https://doi.org/10.1088/0953-4075/47/5/055504
https://doi.org/10.1088/0953-4075/47/5/055504
https://doi.org/10.1088/0953-4075/47/5/055504
https://doi.org/10.1088/0953-4075/47/5/055504
https://doi.org/10.1103/PhysRevA.87.031802
https://doi.org/10.1103/PhysRevA.87.031802
https://doi.org/10.1103/PhysRevA.87.031802
https://doi.org/10.1103/PhysRevA.87.031802
https://doi.org/10.1016/j.optcom.2014.07.083
https://doi.org/10.1016/j.optcom.2014.07.083
https://doi.org/10.1016/j.optcom.2014.07.083
https://doi.org/10.1016/j.optcom.2014.07.083
https://doi.org/10.1103/PhysRevA.83.023823
https://doi.org/10.1103/PhysRevA.83.023823
https://doi.org/10.1103/PhysRevA.83.023823
https://doi.org/10.1103/PhysRevA.83.023823
https://doi.org/10.1038/nphys1324
https://doi.org/10.1038/nphys1324
https://doi.org/10.1038/nphys1324
https://doi.org/10.1038/nphys1324
https://doi.org/10.1103/PhysRevA.89.021802
https://doi.org/10.1103/PhysRevA.89.021802
https://doi.org/10.1103/PhysRevA.89.021802
https://doi.org/10.1103/PhysRevA.89.021802
https://doi.org/10.1063/1.3693409
https://doi.org/10.1063/1.3693409
https://doi.org/10.1063/1.3693409
https://doi.org/10.1063/1.3693409
https://doi.org/10.1103/PhysRevA.60.3225
https://doi.org/10.1103/PhysRevA.60.3225
https://doi.org/10.1103/PhysRevA.60.3225
https://doi.org/10.1103/PhysRevA.60.3225



